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Student : Wei-Chi Chen Advisor : Dr. Liang-Cheng Chang
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Abstract

Conventionally, parameters identification of groundwater model can
be classified into manual parameters identification and automatic
parameters identification using optimization method. Parameter searching
in manual parameters identification requires heavily interaction with the
modeler. Therefore, the identified parameters value is interpretable by the
modeler. However, manual method is a complicated and time-consuming
work and requires groundwater modeling practice and parameters
identification experiences to performing the task. Optimization-based
identification is more efficient and convenient comparing to the manual
one. Nevertheless, the parameters search in the optimization approach can
not directly interactive with modeler and one can only examine the final
results. Moreover, because of the simplification of the optimization model,
the parameters value obtained by optimization-based identification may
not be feasible in reality.

In light of previous discussion, this study integrates a rule-based
expert system and a groundwater simulation model, MODFLOW 96, to
develop an automatic groundwater parameters identification system. The
hydraulic conductivity and specific yield are the parameters to be
calibrated in the system. Since the parameter value is automatic searched
according the rules that are specified by modeler, it is efficient and the
identified parameters value is more interpretable than that by optimized
based approach. Beside, since the rules are easy to modify and adding,
the system is flexible and can accumulate the expertise experiences.
Several hypothesized cases were used to examine the system validity and
capability. The result shows a good agreement between the identified and
given parameter values and also demonstrates a great potential for
extending the system to a fully function and practical field application
system.
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% 5.3-4 $HcK 74 (% 6] IV)
pikiE LB | 440 B K(m/day) | 4= 45 &

K(m/day) Sy Sy
154 % 2 0.22 100 0.5
2 5L 40 0.3 100 0.5
35 3 0.3 100 0.5
4 5.5 % 15 0.2 100 0.5
554 % 5 0.19 100 0.5
6 5~ ® 20 0.29 100 0.5
75 % 14 0.32 100 0.5
8 5 % 4 0.2 100 0.5
95 A ® 5 0.29 100 0.5
10 5L~ & 35 0.31 100 0.5
11 5.4 % 80 0.25 100 0.5
12 5.4 % 23 0.28 100 0.5
13 5L~ & 5 0.22 100 0.5
14 5.4 42 0.25 100 0.5
15 5~ % 15 0.31 100 0.5
16 5.4 W 7 0.21 100 0.5
17 5.~ % 1 0.08 100 0.5
18 5L~ 30 0.29 100 0.5
19 5~ % 39 0.21 100 0.5
20 Lk F 1 0.08 100 0.5
21 Bl 3 0.23 100 0.5
22 5L W 38 0.22 100 0.5
23 Bl T 26 0.26 100 0.5
24 B F 18 0.27 100 0.5
25 Bl 2 0.25 100 0.5
26 55 W 38 0.27 100 0.5
27 5/ W 5 0.24 100 0.5
28 B F 85 0.27 100 0.5
29 Bl F 17 0.25 100 0.5
30 L4 W 42 0.25 100 0.5
3l 5~ % 15 0.23 100 0.5
32 Bl 5 0.21 100 0.5
33 Bl F 19 0.24 100 0.5
45w 39 0.28 100 0.5
35 Bl 18 0.28 100 0.5
36 L~ F 37 0.24 100 0.5
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% 535 28K 2% 4 (%06 1V)

PR E A7 4e B e i | i KIEF

K(m/day) | K(m/day) | K ig(m/day) | ZF 4 + (%)
154 % 2 100 3.56 78
2 5L T 40 100 59.05 47.625
3HA F 3 100 3.95 31.66667
4 5 0 % 15 100 19.85 32.33333
554 % 5 100 6.69 33.8
654 F 20 100 34.99 74.95
155 F 14 100 34.99 149.9286
8H.A F 4 100 10.2 155
954 % d) 100 16.74 234.8
10 5L~ % 35 100 90 157.1429
11 5L/ % 80 100 90 12.5
12 5.4 % 23 100 38.88 69.04348
13 54 % 3 100 14 180
14 5.4 % 42 100 81 92.85714
15 5L~ % 15 100 38.88 159.2
16 5L~ % 7 100 14 100
17 5.0 % 1 100 1.56 56
18 5L~ % 30 100 90 200
19 5.4 % 39 100 65.61 68.23077
20 5Ll W 1 100 1.56 56
21 5L % 3 100 15.55 418.3333
22 5Ll % 38 100 81 113.1579
23 5L W 26 100 34.99 34.57692
24 5.4 % 18 100 15.55 -13.6111
25 B T 2 100 12.6 530
26 5Ll W 38 100 90 136.8421
27 Bl Fe 5 100 15.55 211
28 5Lk F 85 100 90 5.882353
29 5L % 17 100 34.99 105.8235
30 5L4 42 100 81 92.85714
31 5Lk 15 100 20.66 37.73333
32 5Ll T 5 100 7.44 48.8
3354 F 19 100 25.51 34.26316
34 5L 39 100 59.05 51.41026
35 5Ll R 18 100 34.99 94.38889
36 54 % 37 100 43.05 16.35135
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% 536 ¥ S BE L (FH]IV)

PHRE | A4olE | 28 208 | 2SS AT A

Sy Sy SVRER b
184 % | 022 0.5 0.232 5.454545
284 % | 03 0.5 0.286 -4.66667
3.4 % | 03 0.5 0.276 -8
4845 % | 02 0.5 0.224 12
584 % | 019 0.5 0.184 -3.15789
654 % | 029 0.5 0.272 -6.2069
7845 % | 032 0.5 0.333 4.0625
884 % | 0.2 0.5 0.202 1
984 % | 029 0.5 0.336 15.86207
1084 % | 031 0.5 0.292 -5.80645
1154 % | 025 0.5 0.259 3.6
1284~ % | 0.28 0.5 0.302 7.857143
1384 % | 0.22 0.5 0.224 1.818182
144 % | 025 0.5 0.262 4.8
1554 % | 031 0.5 0.302 -2.58065
1654 % | 0.21 0.5 0.224 6.666667
17 5.4 % | 0.08 0.5 0.086 7.5
18 8.4 % | 0.29 0.5 0.292 0.689655
1984~ % | 021 0.5 0.216 2.857143
20 5.4 % | 0.08 0.5 0.086 7.5
21 8.4 % | 0.23 0.5 0.248 7.826087
2284 % | 0.22 0.5 0.262 19.09091
23 5.4 % | 0.26 0.5 0.272 4.615385
24 8.4 % | 0.27 0.5 0.248 -8.14815
25 5.4 % | 0.25 0.5 0.246 -1.6
26 L4 % | 0.27 0.5 0.292 8.148148
27 %~ % | 0.24 0.5 0.248 3.333333
28 5.4 % | 0.27 0.5 0.259 -4.07407
29 5.4 % | 0.25 0.5 0.272 8.8
3054 % | 0.25 0.5 0.262 4.8
3154 % | 0.23 0.5 0.224 -2.6087
3254 % | 021 0.5 0.22 4.761905
3354 % | 0.24 0.5 0.246 2.5
3454 % | 0.28 0.5 0.238 -15
3584 % | 0.28 0.5 0.333 18.92857
3654 % | 0.24 0.5 0.238 -0.83333
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‘4 A MODFLOW i 4

]

MODFLOW = % B# H 34 & 5 (US.GS.)# B 2 4855 o 35485 F
22 @3 Z M2 B TR FokEZJAMT AP D S £ R
RG kR R THPANT LBF 2T e A}
‘K & o MODFLOW #25% 2 4| * 5 *T £ & % (Block Centered Finite
Difference Approach)fz-k 4] = #2358 » 22 5 8 8icE Kfz> 2 2 2
 f8 Ay 2 FIT 5 4 'E 3N 2 (SIP) 2 £45 fp 2 £ (SSOR) » #8258 & 352 &
BHEAG RS SRR E S FFA P LB kAR o
1T REMODFLOWAR S % B 1T- 4 5!
Z B TR BTV A R Y i8R 75 F T 2 s AR

$k &7

i kxxé +i kyyé’_h +£ kzzé,_h W:Ssé’_h [KfTAl]
OX ox) oy oy ) o0z o0z ot

He

Ko Ky Kzz 0o XY, 20 2 % ehdg -k & i (Hydraulic

Conductivity)(Z7 ")
h : ¥ /& -k #f (Potentiometric Head) (L)
W . H =% f& 088 f v F (Molumetric Flux) » & % /& % 38
(Sources/Sinks)(7™)
s 1 IYH A BT et i -k £ (Specific Storage) (L)

t: & EER(7T)
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feit (g~ 2GR cell i B v B hcell? B E R e
F)o B OBERB TR BAR(P)E - TE o it - Beell(ijk) k
oo F ¥ R o* ¥ o2 H oA 3T o 2 B 7 ok B o

cells((i-1,j,k),(i+1,3,k),(i,j-1,K),(1,j+1,K),(1,),K-1),(i,},k+1)) = 4B AT

T .
B 7] (row) = @ cell(j-1K) it cellijk) ind 5 :
i /
Qi a2k = KRy 1/2AC; AV, ('%"k) ["4A.2]
j-1/2
Fve

Mo 2 My A & & &g (ijk)iG,j-1,k) Kk

Gijox 5 338 4 *vcell(i,j k) Fe(ij-1.k) @ % o f4F & (L) o

KRijvzx 5 5] (row)= o 45 &8 (ijk) o (ij-1,k) B enig ok
De¥

ACGAV, % Z-3 3t 7] (row)™> # i3 cell & s 5 # o

Aliae % &8k (ijk) 4o (ij-1k) fFenpedg o

e BT KR H AenT B o cell(ij k)i £
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,%ﬁ

ETRS

Qi g = KR 11 AcAvy

Qi jx = KRy i AL AV,

Q1'+1/2,j,k = KRI—I/Z]’,/(A]‘J'A Vi

Qi junn = KR Ar;Ac;

1,7,k+1/2 J

]]i,j,k—l E bz}j,k )

Visli2

Qi 12 = KR, ;i1 ,ArAc;

% CR=KRx®, plag F > 287 &7 5 ¢

B

— AT

-

K

CRi,j—l/Z,k(hi,j—l.k = hi,j,k)+ CRi,j+1/2,k(hi,j+1,k = hi,j,k)+ CCi—llZ,j,k(hi—l,j,k T hi,j,k) [KTTA?)]
it CCi+1/2‘j,k(hi+1,j,k - hi,j,k)+ CVi,j,k—l/Z(hl,j,k—l 3 hi,j,k)+ CVi,j,k+1/2(hi,j,k+1 = hl,j,k)

Ah,
— HeAnAc A,

S, cell(ijk) v ik-k 8

Arj ACiAVk Ce”(hj’k) ﬁj’ﬁg %%

b 4ot gk~ % (Sources ~ Sinks) ¢ B H 4 A2

CR,H/Zk(h,j—Lk _h,j,k)+CR,j+1/2,k(h,j+lk _h,j,k)+CQ—1/2,j,k(hflj,k _h,j,k) "
+C(i:+1/2,j,k(h+lj,k_h,j,k)+CV,j,k—1/2(h,j,k—l_h,j,k)+CV,j,k—1/2(h,j,k+1_h,j,k) [ ITA4]

M
+Q$,J',k :Ssi.j.k A.;k

N N N
, QSi,j,k = Zai,j,k,n = Z Pi,j,k,n hi,j,k + Zqi,j,k,n
n=1 n=1 1

AAGN
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(P4

PR Gk 1 &% on B ke cell(ijk) gin e

Pj’j’k’n([?T_l) ;qj,j,k,n(LBT_l) j;:;_‘.l:ai ‘}:'\ ’#f ﬁ;: o
MODFLOW® #743 * ¢34 18w £ 4 (Backward Difference) » #714
#0 cellijR) ki F02 b e b 2 B At Bl
m m-1
Ahi,j,k _ hi,j,k ik [*+A.5]
At [
# f2st ('HCE) R (FHC4) ¢ oo RIF

CRi‘j—llz,k(hir‘nj—l,k - hir,nj,k>+ CRi,j+1/2,k(hmi*j+l*k o hir,nj,k)+ Cci—llz,j,k(hmi‘lrjrk - hir?j,k)
+ CCi+112,j,k(hin:1,j,k — hir,“j,k)_'_ Cvi,j,k—llz(hmi'j'k‘l L hir,nj,k)+ Cvi,j,k+1l2(hmi'j'k+1 - hir,“j,k)
(hm hm—l

—k LI A ACAY,

+B i+ Qi =S, t

m~ ‘m-1

[ A.6]

{=
CVi,j,k—l/thi’j’k‘l +CR 12k ™, o1k + CCinixk hinjl‘j,k + (_CRi,j—llz,k —CCiynjx
_CRi,j+1/2,k _CCi+1/2,j,k _CVi,j,k—llz _CVi,j,k+1/2 i HCOFi,j,k)hir,nj,k +Cvi,j,k+1/2hir,nj,k+l
+CR 11/ ik +CCryya i = RHS 5
[FiAT]
;}i‘ v

HCOF, ;=P =SClL Nty —tn)

1,75

RHSf,j,k = _Oi,j,k - SC]i,j,k]][]f]j_',lk (fm - [m—l)

SCl, . =S, ArAcAv,

A AT T £ MODFLOWAZ 38 #5722 £ A 5%
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A4 CLIPSH Y B 1 S Bcl TR RN > N T R E e F b
P SRR G A

158 ® & T4 P 4L

(defrule KS_Range;K:m/day

?0bj<-(object(is-a groundwater)(Soil_Category ?a))

=>

(if (eq ?a 1);Gravel

then (send ?obj put-K_Max 2592.1)
(send ?0bj put-K_Min 25.92)
(send ?0bj put-S_Max 0.288)
(send ?0bj put-S_Min 0.192))

(if (eq ?a 2);Coarse Sand

then (send ?0bj put-K_Max 518.4)
(send ?0bj put-K_Min 0.07776)
(send ?0bj put-S_Max 0.324)
(send ?0bj put-S_Min 0.216))

(if (eq ?a 3);Medium Sand

then (send ?obj put-K_Max 43.2)
(send ?0bj put-K_Min 0.07776)
(send ?0bj put-S_Max 0.336)
(send ?0bj put-S_Min 0.224))

(if (eq ?a 4);Fine Sand

then (send ?obj put-K_Max 17.28)
(send ?0bj put-K_Min 0.01728)
(send ?0bj put-S_Max 0.276)
(send ?0bj put-S_Min 0.184))
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(if (eq ?a 5);Silt

then (send ?0bj put-K_Max 1.728)
(send ?0bj put-K_Min 0.0000864)
(send ?0bj put-S_Max 0.096)
(send ?0bj put-S_Min 0.064))

2.5 A T TRIRA B TN

(defrule ChecklfConvergent
?0bj<-(object(is-a groundwater)(Head RMSE ?a)(BC ?c)
(Error_Tolerance_0 ?d)(Error_Tolerance_1 ?e)(Error_Tolerance_2 ?f))
=>
(if (or (and (eq 2¢c 0) (< 2a?2d) ); % £ :§ % 4p 4%
(and (eq ?2c 1) (< ?a ?e) ); &2 % i% -KiE B 4p 4%
(and (eq ?c 2) (< ?a ?f)) ;&2 Tk 2 :F 7t 4p 48
then (send ?0bj put-Stop Y)
else (send ?obj put-Stop N)
)
)

3.-k # & % % #c(Hydraulic Conductivity) % &5

(defrule K1
?0bj<-(object(is-a groundwater)(Head Obs_Average ?a)
(Head_Sim_Average ?b)(Flux_Zone_Average ?c)(Stop N))
=>
(if (and (> ?a ?b) (> ?c 0))
then (send ?obj put-Parameter K)

(send ?0bj put-Method multiply)
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(send ?0bj put-Value_K bigger))
(if (and (< ?a ?b) (> ?c 0))
then (send ?obj put-Parameter K)
(send ?0bj put-Method multiply)
(send ?0bj put-Value_K smaller))
(if (and (> ?a ?b) (< ?c 0))
then (send ?0bj put-Parameter K)
(send ?0bj put-Method multiply)
(send ?0bj put-Value_K smaller))
(if (and (< ?a ?b) (< ?c 0))
then (send ?0bj put-Parameter K)
(send ?0bj put-Method multiply)
(send ?0bj put-Value_K bigger))

4.4 dv-k & (Specific Yield) 23 &S]

(defrule S1
?0bj<-(object(is-a groundwater)(Head Obs_StdDev ?a)
(Head_Sim_StdDev ?b)(Stop N))
=>
(if (> ?a ?b)
then (send ?0bj put-Parameter S)
(send ?0bj put-Method multiply)
(send ?0bj put-Value_S smaller)
else (send ?0bj put-Parameter S)
(send ?0bj put-Method multiply)
(send ?0bj put-Value_S bigger))
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(defrule K2
?0bj<-(object(is-a groundwater)(Stop N)(Flux_Zone_Average ?a)
(Flux_Zone_Average Last ?b)(HydraulicConductivity ?c)
(HydraulicConductivity _Last ?d)(Counter ?e)(Restart_K ?f)
(Head_Sim_Average ?g)(Head_Sim_Average Last ?h)(Counter_K ?i))
=>
(if (eq ?f nil) then (bind ?f 0) )
(if (eq ?i nil) then (bind ?i 0) )
(if (neq ?e 1)
then
(if (and (and (> ?b 0) (> ?c ?2d)) (< ?g ?h) (< ?f 2¢))
then (send ?obj put-RStop_K Y)
(send ?0bj put-Restart_K (+ ?e 2)))
(if (and (and (> ?b 0) (< ?c ?2d)) (> ?g ?h) (< ?f ?%e))
then (send ?obj put-RStop_K'Y)
(send ?0bj put-Restart_K (+ ?e 2)))
(if (and (and (< ?b 0) (> ?c ?2d)) (> ?g ?h) (< ?f ?¢))
then (send ?0bj put-RStop_KY)
(send ?0bj put-Restart_K (+ ?e 2)))
(if (and (and (< ?b 0) (< ?c ?d)) (< ?g ?h) (< ?f ?¢))
then (send ?0bj put-RStop_K'Y)
(send ?0bj put-Restart_ K (+ ?e 2)))
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(defrule K3

?0bj<-(object(is-a groundwater)(Stop N)(RStop_K Y)(Counter ?a)
(Restart_K ?7b))

=>

(if (eq?a?b)

then (send ?obj put-RStop_K N))

)

(defrule S2
?0bj<-(object(is-a groundwater)(Stop N)(Head _Sim_StdDev ?a)
(Head_Sim_StdDev_Last ?b)(SpecificYield ?c)(SpecificYield Last ?d)
(Counter ?e)(Restart_S ?f)(Counter_S ?g))
=>
(if (eq ?f nil) then (bind ?f 0) )
(if (eq ?g nil) then (bind ?g 0) )
(if (neq ?e 1)
then
(if (and (and (>= ?a ?b) (>= ?c ?d) ( or (> ?b 0.0001) (> ?d 0.0001)) )
(<?f?))
then (send ?0bj put-RStop_SY)
(send ?0bj put-Restart_S (+ ?e 2)))

(defrule S3

?0bj<-(object(is-a groundwater)(Stop N)(Head _Sim_StdDev ?a)
(Head_Sim_StdDev_Last ?b)(SpecificYield ?c)(SpecificYield_Last ?d)
(Counter ?e)(Restart_S ?f)(Counter_S ?g))

=>
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(if (eq ?f nil) then (bind ?f 0) )
(if (eq ?g nil) then (bind ?g 0) )
(if (neq ?e 1)
then
(if (and (and (<= ?a ?b) (<= ?c¢ 2d)) (< ?f ?%e) )
then (send ?0bj put-RStop_SY)
(send ?0bj put-Restart_S (+ ?e 2)))

(defrule S4

?0bj<-(object(is-a groundwater)(Stop N)(RStop_S Y)(Counter ?a)
(Restart_S ?b))

=>

(if (eq?a?b)

then (send ?0bj put-RStop_S N))

)

6.

\\\?’gr

fo IF P R

(defrule Jump

(declare (salience 99))

?0bj<-(object(is-a groundwater)(Stop N)(Jump_Switch on)(CounterR ?a)
(HydraulicConductivity ?b)(HydraulicConductivity Last ?c))

=>

(if (eq ?a nil)

then (bind ?a 0))

(if (<?all)

then

75



(if (eq ?a 10)

then (send ?obj put-HydraulicConductivity (* ?b 2))
(send ?0bj put-Jump_Switch off)
(send ?0bj put-CheckLimitation_Switch off)
(send ?0bj put-Jump_again_Switch off)
(send ?0bj put-CounterR (+ ?a 1))
(send ?0bj put-K_Switch off)
(send ?0bj put-S_Switch off)

else (send ?obj put-CounterR (+ ?a 1))
(send ?0bj put-Jump_Switch off)
(send ?0bj put-Jump_again_Switch off)

(defrule Jump_again

(declare (salience 99))

?0bj<-(object(is-a groundwater)(Stop N)(CounterR ?a)
(Jump_again_Switch on)(HydraulicConductivity ?b)
(HydraulicConductivity _Last ?c))

=>

(if (eq ?7a 11)

then

(send ?0bj put-HydraulicConductivity (* ?c 0.5))
(send ?0bj put-K_Switch off)

(send ?0bj put-S_Switch off)

(send ?0bj put-CheckLimitation_Switch off)

(send ?0bj put-CounterR (+ ?a 1))

(send ?0bj put-CompareRMSE_ Switch off)
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(defrule CompareRMSE
(declare (salience 99))
?0bj<-(object(is-a groundwater)(CompareRMSE_Switch
on)(Head_RMSE ?a)(Head_RMSE_ Last ?b)(HydraulicConductivity ?c)
(HydraulicConductivity _Last ?d)(CounterR ?e)(HydraulicConductivity _
Better ?f)(Head RMSE_Better ?g)(Stop N))
=>
(if (eq ?e 12)
then (send ?obj put-CompareRMSE_ Switch off)

(send ?0bj put-CounterR 0)

(send ?0bj put-K_Switch off)

(send ?0bj put-S_Switch off)

(send ?0bj put-Jump_Switch off)

(send ?0bj put-Jump_again_Switch off)

(send ?0bj put-CheckLimitation_Switch off)

(send ?0bj put-K_Tuning_Switch on)

(if (< ?b ?a)

then (send ?obj put-HydraulicConductivity ?d)

)
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